Abstract -A computational study was performed to assess influences of geometric design parameters and material properties on thermally induced interfacial stresses within a packaged solar cell assembly. A Latin Hypercube Sampling approach was used, varying 36 total geometric, initial condition, and material property parameters representative of available solar cell designs, to assess the sensitivity of computed interfacial stresses to each input. Simulations consisted of a laminated 3D assembly of two cells connected by an interconnect ribbon, with resolution of the glass, encapsulant, ribbon, solder, cell, and backsheet, cycled through a temperature change of -40°C to 85°C. Geometry and mesh creation were automated to enable sampling over varying cell designs. The purpose of this study was to develop a methodology to investigate the interplay between cell designs and thermally induced stresses, particularly those occurring over component interfaces subject to delamination. Information on the expected drivers of interfacial stresses as well as the primary directions in which stresses arise will better define interface adhesion tests and inform accelerated stress testing to more completely characterize delamination phenomena.
I. INTRODUCTION
Modern solar cells and modules incorporate a multitude of design variations in search of cost reductions and efficiency gains. At the same time, module durability goals continue to increase despite unforgiving deployment environments. With aggressive yet sometimes conflicting objectives, design tradeoffs are inevitable but may not have well known reliability consequences until revealed by field failures or accelerated testing.
Thermally induced mechanical stresses due to mismatches in Coefficient of Thermal Expansion (CTE) between module materials is one known stressor of module reliability, with accelerated thermal tests cited as one of the more stressing test cycles often leading to module degradation and failure [1] [2] . The degree to which a module is affected by CTE mismatches is one of many ways in which a module design can directly affect reliability.
Another precursor to module performance degradation is delamination of module layers, occurring at any of the different material interfaces within a module (i.e. glassencapsulant, encapsulant-cell, etc.). This phenomenon has been investigated previously, from the perspective of measuring debond energies required to propagate interfacial cracks [3] , as well as chemical pathways leading to degraded interfacial adhesion [4] , but not extensively from the perspective of how cell design can generate interfacial forces.
The goal of this study is to develop a computational methodology to investigate the interplay between module and cell design choices, thermally induced stresses, and component delamination, specifically:
1. What design features and material properties are most correlated to thermally induced interfacial stresses? 2. Where do the largest interfacial stresses occur, and in what direction do they occur? To answer these questions, a suite of simulations were run on a parametrized finite element model of a packaged solar cell interconnection assembly, using a Latin Hypercube Sampling (LHS) approach to search for correlations between interfacial stresses under thermal cycling and specific design dimensions or material properties. These results help to better understand how cell design features intended for one purpose may lead to adverse mechanical reliability, as well as how and in what direction stresses arise under thermal cycling. This in turn will be used to better inform interface adhesion tests and accelerated stress tests to be more representative of field conditions resulting in delamination. Model sensitivities will also be used to target experimental characterization efforts toward material properties or locations on a cell identified as being impactful to thermal stress.
II. METHODS

A. Parametrized Geometry Creation
A generic 3-D geometry model of two packaged, interconnected silicon cells was created as the basis for this study. This model included a quarter of each cell, sectioned through the glass, encapsulant, and backsheet, and modeled all details of the cell assembly, except for small features such as grid fingers and silicon surface treatment thicknesses (Fig. 1) . The Computer Animated Design (CAD) for the model was created in SolidWorks parametrically, such that feature dimensions could be updated over desired ranges representing typical fielded cell designs. A three busbar (3BB) design was used, with variable length front and rear side solder pads. Defined limits were set for these design parameters to allow each geometry to maintain the same number of solid parts, though dimensions such as interconnect thickness and location could vary into ranges typically only found in 4 or 5BB designs. Table I shows a list of varied cell design parameters and their ranges, cross referenced to the labeled dimensions in Fig. 2 , along with the varied material mechanical properties and initial temperature conditions and their ranges. Like the geometric parameters, material property and initial condition parameter ranges were selected to encompass commonly fielded materials and processing methodologies. To prepare each specific finite element simulation, Latin Hypercube Sampling (LHS) was utilized to select a set of values out of the 36 total geometric and material parameter ranges assuming uniform distributions, to construct a hybrid cell design. Note that none of these generated designs correspond to a specific purchasable cell, but rather are intended to intermix all common design features such that interactions can be analyzed. A total of 100 LHS samples were generated to assess sensitivity trends, using an incremental methodology to allow additional samples to be added to confirm convergence [5] . Details of the finite element model are presented in the next section. 
B. Finite Element Models
The finite element model of the cell assembly utilized quarter symmetry applied around the cell cut planes (Fig. 1) to reduce computational expense, with an additional point constraint added to prevent rigid body motion in the vertical direction. Although this simplification also restricts the cell positions within a module to which this analysis is fully representative, computational modeling studies at the module scale [6] showed that most cell positions experience qualitatively symmetric stress fields under thermal loading, allowing for the domain assumption to retain applicability to most cells within a module.
Grid generation for each cell model configuration was performed using CUBIT software [7] . Since lengths and dimensions change with each sample, a combination of sizeand interval-based mesh assignment was used, to guarantee a minimum number of elements thru key features. The nominal resolution consisted of approximately 1.2 million hexahedral cells distributed across the quarter-symmetric domain shown in Fig. 1 for each mesh. Convergence of quantities of interest was assessed using meshes of approximately 700,000 and 3,000,000 elements.
C. Simulation Parameters
Simulations were run in the SIERRA/Adagio solid mechanics code, using a linear-elastic constitutive model assumption for all materials and linear thermal expansion behavior. Although this approach does not fully describe full material behavior particularly for the solder and encapsulant, it was expected that first-order sensitivities could be captured by the large range of implemented material property variation (typically ±20%). This approach also does not capture any cyclic fatigue as there is no hysteretic behavior in the models. Future studies are planned with updated encapsulant and solder constitutive models to capture viscoelastic and viscoplastic behavior [8] .
The boundary condition used was an IEC 61215 thermal test, to assess states at -40°C and +85°C. To approximate residual stresses from manufacturing conditions, the simulation was initialized at encapsulant cure temperatures as the stress-free state, except for solder materials which were initialized as stress-free at solder melt temperatures. Both initialization temperatures were treated as variable parameters for inclusion in the LHS study.
III. RESULTS
Quantities of interest examined in this study include average out-of-plane (normal) and in-plane (shear) stresses over encapsulant to front-and backside interconnects, as well as encapsulant-backsheet interfaces at both +85°C and -40°C. To aid in physical interpretation, stress quantities were referenced against the cell coordinate system as shown in the insets of Fig. 3 through Fig. 11 . These specific interfaces were chosen as an example of the methodology though all other model interfaces (encapsulant-glass, encapsulant-cell, etc.) can be examined similarly. An averaged stress approach was chosen so that varying interfacial areas with each geometry sample could be accounted for, as well as to dampen effects of computed stress concentrations near edges and corners. Some caveats to this approach are that results for larger interfaces with localized areas of interest may be excessively dampened by unstressed regions, and likewise the method cannot distinguish if stress reversals occur over the same interface. Additional studies are directed at discovering convoluted parameter relationships and the most indicative quantities of interest for potential damage. For this study, an R 2 correlation coefficient [9] was computed for each average interfacial stress against each sampled parameter, with top correlations for the selected interfaces presented in Fig. 3 through Fig. 11 . Note that these results are simply a representative demonstration of the methodology, and many additional quantities may be explored within the existing LHS result set.
As shown in Fig. 3 , the parameter most correlated with outof-plane stress on the bottom side interconnect ribbon at +85°C was found to be glass thickness, with a slight decrease in stress magnitude with increasing glass thickness. The R 2 correlation coefficient was found to be 0.625. Stress in the in-plane direction (along interconnect ribbon length) was found to correlate most strongly with the CTE implemented for the ribbon (Fig. 4) . This result is somewhat intuitive, as this parameter directly controls deformation on the surface of interest. Additionally, the stress magnitude was found to be substantially larger than that in the out-of-plane direction, suggesting that thermal stresses primarily occur inplane. The R 2 correlation coefficient was found to be 0.683. Fig. 4 . In-plane computed stress along length vs. ribbon CTE, for bottom side interconnect to encapsulant interface, +85°C.
Stress in the in-plane direction along interconnect ribbon width (Fig. 5) were found to mirror in-plane results for stress along interconnect length. This further suggests that thermal stresses primarily occur in-plane. The R 2 correlation coefficient was found to be 0.378 . At the top side interconnect ribbon to encapsulant interface at -40°C, the highest correlated parameter was found to be the distance between the interconnect ribbon and the edge of the cell width (Fig. 6 ). This result may be of significance for newer cell designs utilizing 5 or more busbars, as ribbons placed further outboard on the cell may be subjected to different stresses. The R 2 correlation coefficient was found to be 0.343. Stress in the in-plane direction along interconnect ribbon length was found to correlate most strongly with the CTE implemented for the ribbon (Fig. 7) , similar to results for the bottom side interconnect. As found previously, stress magnitude was found to be substantially greater in the inplane direction than out-of-plane. The R 2 correlation coefficient was 0.763. Stress in the in-plane direction along interconnect ribbon width was found to correlate most strongly with the CTE implemented for the ribbon (Fig. 8) , similar to results for the bottom side interconnect and the top side along ribbon length.
Similar stress magnitudes were observed as for the lengthwise case. The R 2 correlation coefficient was 0.483. Fig. 8 . In-plane computed stress along width vs. ribbon CTE, for top side interconnect to encapsulant interface, -40°C.
As shown in Fig. 9 , the parameter most correlated with outof-plane stress on the backsheet to encapsulant interface at -40°C conditions was found to be glass thickness, with a slight decrease in stress magnitude with increasing glass thickness. Overall stress magnitude over the larger area was substantially smaller than for the interconnect ribbon surface stresses. The R 2 correlation coefficient was found to be 0.522. Stress in the in-plane direction (along a hypothetical module length) was found to correlate most strongly with backsheet thickness (Fig. 10) , for the backsheet to encapsulant interface at -40°C. Stress magnitudes were larger than for the out-ofplane case, but were small relative to interconnect ribbon interfaces. The R 2 correlation coefficient was 0.559. Stress in the in-plane direction (along a hypothetical module width) was found to correlate most strongly with backsheet thickness (Fig. 11) , for the backsheet to encapsulant interface at -40°C. This mirrors results for stress at the same interface along module length, with similar magnitudes. The R 2 correlation coefficient was 0.582 
IV. CONCLUSIONS
The goal of this study was to demonstrate a computational methodology for assessing the interplay between cell design parameters and thermally induced stresses. A suite of simulations were run across a range of input geometries, material properties, and initial conditions representative of commercially available solar cell designs. Conclusions of this study are:
x The LHS sampling methodology used was feasible for creating automated cell designs for use in finite element simulations. Analysis of output parameters elucidated some relationships between cell design and stress generation, with observable correlations to both geometric and material property parameters. Future work could be directed at including more robust geometry processing to sample over additional design parameters and capture a greater range of industry trends. x In the interfaces examined, stress magnitudes were found to be largest in-plane, with similar magnitudes in the lengthwise and width-wise directions of a module. This suggests that analyses in the plane of a solar module are relevant, and that two-dimensional simplifications may not be entirely representative of stress generation mechanisms. An area of future work will be to update material constitutive models such that quantitative predictions of stress may be made. x Data processing was found to be a significant challenge in discovering mechanisms of interest. Although significant R 2 correlation coefficients over 0.70 were observed for single parameter to quantity of interest sets, the effectiveness of the metric could be seen to vary based on sampled outliers. More complex relationships between multiple input parameters would not be found. Future work could be directed at developing more representative metrics and search algorithms to make complete use of simulation generated data.
